Purpose: The quality and precision of post-mortem MRI microscopy may vary depending on the embedding medium used. To investigate this, our study evaluated the impact of 5 widely used media on: (1) image quality, (2) contrast of high spatial resolution gradient-echo (T 1 and T 2 * -weighted) MR images, (3) effective transverse relaxation rate (R 2 * ), and (4) quantitative susceptibility measurements (QSM) of post-mortem brain specimens. Methods: Five formaldehyde-fixed brain slices were scanned using 7.0T MRI in: (1) formaldehyde solution (formalin), (2) phosphate-buffered saline (PBS), (3) deuterium oxide (D 2 O), (4) perfluoropolyether (Galden), and (5) 
| INTRODUCTION
MRI of post-mortem brain tissue is a widely used technique in neuroscience and in routine neuropathological examinations [1] [2] [3] to identify the extent and quantify the severity of structural alterations. 4 High fidelity post-mortem MRI enables the detection and assessment of small lesions that are hardly visible on gross neuropathological examination. 5 It is also used for validating quantitative MRI measurements [6] [7] [8] and for the systematic study of MRI contrast mechanisms in specific structures. 9 An advantage of post-mortem imaging is that very long scanning sessions are feasible, enabling examinations with both in-plane spatial resolution below 100 μm and high SNR. This is often referred to as MR microscopy, which offers a high resolution view of tissue status often complementary to histochemical staining. 10, 11 It is well established that SNR characteristics and sensitivity to magnetic susceptibility differences between substances are enhanced when imaging at ultra-high magnetic fields (UHF, B 0 ≥ 7.0T). Capitalizing on this, several UHF studies demonstrated the value of T 2 * and susceptibility-weighted MR microscopy to detect small numbers of iron-loaded dystrophic microglia or macrophages. 12, 13 However, many factors including natural tissue decomposition and chemical fixation may alter the MRI properties of post-mortem tissue 14, 15 causing undesirable biases in the measurement. It is known that aldehyde fixation leads to gradual shortening of T 1 /T 2 /T 2 * relaxation times, increased myelin water fraction, and apparent diffusivity reductions. 1, [16] [17] [18] [19] [20] [21] [22] The most rapid change in proton MR signal relaxation occurs during the first 3 weeks after fixation, which gradually plateaus before complete tissue penetration by the fixative agent, ~3 months after fixation. [23] [24] [25] [26] The impact of formaldehyde fixation on T 2 can be partially reversed by thorough washing with phosphatebuffered saline (PBS). 14 Based on these literature reports, it is conceivable that quantitative MRI measures might differ across embedding media. In fact, a pilot study investigating this phenomenon with fixed rat heart tissue found substantial differences. 27 Although these results cannot be readily extrapolated to post-mortem imaging of human brain specimens, they highlight the importance of studying the impact of embedding media on MRI measurements. The most widely used embedding media for imaging human tissue are formaldehyde solutions, 28, 29 PBS, 30 and aquaeous gels such as low-melting-point agarose. 11, 31 More recently, protonfree agents such as perfluoropolyether compounds (Fomblin or Galden, Solvay, Bruxelles, Belgium and Fluorinert FC-3283, 3M, Delft, Netherlands), 19 ,32-35 a wax-like compound (Paraplast, Sigma-Aldrich, St. Louis, MO), 36 or deuterium oxide (D 2 O) are gaining popularity because of their ability to render dark background on MRI and their overall versatility. D 2 O embedding, for example, has successfully been used to supress water signal for isolating myelin-protons. 37, 38 To date, however, no systematic methodological studies have investigated the differential impact of such media on fixed human tissue properties for MR microscopy. Motivated by this knowledge gap, in this study, we aimed to evaluate the impact of 5 different types of embedding media on SNR and image contrast properties for high resolution anatomic imaging, effective transverse relaxation rate (R 2 * = 1/ T 2 * ), and bulk susceptibility MRI measurements from formaldehyde-fixed brain tissue specimens scanned in typical conditions of neuropathological examination. | DUSEK et al.
| Experimental design
Brain slices were scanned in a custom-tailored container (MRI.TOOLS GmbH, Berlin, Germany) mounted between 2 polyacrylamide plates ( Figure 1A and B) using a 7T wholebody MRI system (Siemens Magnetom, Siemens Healthcare, Erlangen, Germany). A transmit-receive coil consisting of a birdcage volume coil for signal transmission coupled with a 24-channel head-array coil for reception (Nova Medical, Wilmington, MA) was used.
Five consecutive imaging sessions were performed with brain slices immersed in different embedding media: (1) formalin (1 batch of self-prepared, neutral-buffered [i.e., containing disodium hydrogen phosphate − dihydrate and dipotassium hydrogen phosphate] 4% formaldehyde solution), (2) self-prepared PBS, (3) D 2 O (Sigma-Aldrich, St. Louis, MO), (4) Galden, and (5) 1.5% (w/v) agarose gel (UltraPure low melting point agarose, Life Technologies Corporation, Carlsbad, CA) prepared in PBS solution.
All samples were first scanned in formalin. This was then followed by thorough PBS washing and subsequent scanning in PBS. After removing from formalin, samples were rinsed and were then kept for at least 3 h in PBS during which several exchanges of fresh media were performed. To minimize potential bias because of persisiting residual effect of previous embedding, the remaining media were used in a pseudorandom order for each specimen (Table 1) . Between scanning sessions, slices were thoroughly washed with PBS for at least 1 h and were then kept in the corresponding medium for at least 1 h. For D 2 O embedding, the fresh medium was exchanged once to facilitate tissue penetration and minimize PBS contributions. Of note, brain slices and embedding media were kept at room temperature for 2-5 h in total to ensure stable thermal conditions during scanning. 39 During scanning, embedding media temperatures were continuously monitored using a fiber optic temperature sensor (Neoptix Inc., Québec, Canada). After immersing brain slices in each embedding medium, they were serially scanned using a 2D multi-echo, Figure S1 ). Mean T 2 * relaxation times were calculated from cortex, white matter (WM), and lentiform nucleus (LN) in predefined regions of interest (ROIs): 3 cortical ROIs in GRE isointense regions of insula, cingulate gyrus, and lateral aspect of the hemisphere; 3 WM ROIs (also isointense on GRE images) adjacent to lateral ventricles and in temporal lobe; and 2 LN ROIs including whole putamen and globus pallidus ( Figure 1C ). Subsequently, a protocol consisting of high-resolution 3D MPRAGE (TR = 2300 ms; TE = 5.9 ms; TI = 1000 ms; FA = 15°; voxel resolution = 0.14 × 0.14 × 0. where by the "mean signal" was calculated for the whole brain sample in the average of all 15 repeated measurements and the noise standard deviation ("noiseStd") was calculated from the difference between 2 consecutive measurements, each with 5 averages. For CNR calculation, 3D masks defining whole LN, WM, and cortical ROIs were segmented for each brain sample and embedding medium using ITK-SNAP (http://www.itksnap. org). 41 Semi-automated, active-contour segmentation mode with manual correction was used. CNR was calculated according to the difference method 40 using:
noting the mean signal for a given ROI was calculated as the mean intensity (across all voxels) in the average of all 15 repeated measurements; spatially concordant noise SDs were calculated from the difference between 2 consecutive measurements, each with 5 averages.
| R 2
* and QSM reconstruction T 2 * was estimated from the nonlinear fitting of multi-echo GRE data to a single-exponential decay model using a previously validated simplex-search-based approach. 42 To minimize noise-related effects, noise (SD) estimatesinferred from a large (hypointense) background regionwere used to reject T 2 * -weighted signal intensities that were below a cut-off threshold of 3 times the estimated noise level. 43 QSM reconstruction consisted of: (1) Laplacian unwrapping, 44 (2) variable spherical mean value filtering (without deconvolution) for background field removal 45 with starting kernel radius set to 25 mm (1-mm radius at the brain boundary), and (3) non-linear morphology-enabled dipole inversion 46 with regularization parameter λ = 500 (empirically optimized). The geometric average of multi-echo GRE magnitude data for each non-PBS data set were co-registered to PBS space with a rigid-plus-nonlinear routine using ANTs v2.1 (http://stnava.github.io/ANTs). The resulting spatial transformations were applied to R 2 * and susceptibility maps with b-spline spatial interpolation. Subsequently, 3D ROIs including caudate nucleus (CN), putamen, globus pallidus (GP), WM, and cortex were segmented on coregistered R 2 * maps using ITK-SNAP as described above ( Figure 1D ). Median R 2 * and QSM values were calculated in all segmented
ROIs. QSM values were normalized to a reference region in homogenous-susceptibility WM between the isocortex and the lateral ventricle.
To assess the effect of embedding media on deep grey matter contrast in the R 2 * and QSM quantitative maps, we calculated CNR for GP and internal capsule (IC) adopting a method described previously. 47 First, GP and IC were manually segmented at the level of anterior commisure twice by the same rater. CNR was calculated using
where by S 1 represents the mean signal across the "union" GP mask (i.e., mask including all voxels from first and second segmentation) and S 0 represents the mean signal from the union IC mask. Noise SD was calculated from voxels between GP and IC not included in either union mask.
| Statistical analyses
Nonparametric repeated-measures Friedman tests and posthoc Dunn's multiple-comparison tests were used on the null hypothesis that there are no effects of embedding media on SNR, CNR, R 2 * , and quantitative susceptibility values. To further explore the impact of embedding media on quantitative MRI measurements, Z scores were calculated across all specimens for each metric and each medium relative to the global behavior across all media. Therefore, for each ROI and metric, the Z score sum for all 5 media was zero-centered. Data were analyzed using GraphPad Prism version 6 (GraphPad Software, San Diego, CA).
| Fluid-only experiment
To further characterize the embedding substances, 5 Falcon vials (diameter = 15 mm, length = 11 cm) were filled with PBS, neutral-buffered formalin, Galden, PBS-based agarose gel, and D 2 O solutions of the same composition as those used for brain embedding. Additionally, 2 vials filled with ultrapure water prepared using the Milli-Q Advantage A10 water purification system (Merck, Darmstadt, Germany) were also included to serve as susceptibility references. All vials were placed in a container, embedded in 1.5% agarose gel prepared from ultrapure water (i.e., different to the PBSbased agarose solution used for post-mortem imaging), and scanned using a multi-echo 3D GRE pulse sequence with the same parameters used for brain examination, except for voxel size (i.e., voxel resolution = 0.72 × 0.72 × 0.72 mm 3 ).
Subsequently, R 2 * and susceptibility maps were reconstructed with the methods described above and mean values for each embedding media were extracted from the mid-axial slice.
| Neuropathological examination
Following MRI scanning, 2 brain slices (PM-13 and PM-14) were examined neuropathologically. Tissue blocks were collected from the frontal lobe and LN, embedded in paraffin, and sliced with a microtome into 5-µm thick sections. These slices were then stained with hematoxylin and eosin, Bielschowsky staining, 3,3ʹ-diaminobenzidine-tetrahydrochloride (DAB) enhanced Turnbull staining for Fe 2+/3+ iron detection, 48 and Luxol fast blue. Immunohistochemistry was performed using primary rabbit anti-glial fibrillary acidic protein antibodies (GFAP; dilution 1:1000; Dako, Glostrup, Denmark). For visualization of the primary antibodies, a DAKO EnVision kit, with peroxidase-DAB system (rabbit/ mouse), was used. Sections were briefly counterstained with Mayer's hemalum solution for better visualization of cell
noiseStd . nuclei. Experienced neuropathologists examined all stained sections to assess tissue integrity (i.e., to ensure there was no significant tissue damage resulting from the present study protocol).
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| RESULTS
| Visual assessment
MPRAGE, GRE-TE1, and GRE-TE2 images showed very similar appearance and contrast for PBS, agarose, and Galden embedding ( Figures 2 and 3 and Supporting Information Figure S2 ). Image quality was excellent overall, although at first glance we noted formalin embedding yielded noisier images compared to other media, particularly for longer TEs. Images acquired for D 2 O embedding had a slightly different appearance; they showed a contrast pattern with strong signal variations near the cortex as if D 2 O had penetrated superficial regions of the cortex more readily than deep sulcal regions, deep nuclei, and WM. This phenomenon also led to partial contrast reversal between cortex and WM ( Figures 2 and 3 ). Histopathological analysis confirmed that there were no signs of tissue damage in morphological investigation. All stainings, both histochemical and immunohistochemical, showed the expected pattern of reactivity (Supporting Information Figure S3 ).
| SNR and CNR analysis
Because we used the difference method for the SNR/CNR calculation, we first assessed consistency of the signal intensity across the 3 measurements. We calculated the mean signal intensity in MPRAGE, GRE-TE1, and GRE-TE2 images in all consecutive measurements for each specimen and PBS embedding. The difference between measurements with highest and lowest signal intensity was 0.02-1.04%. Therefore, the signal is highly consistent across the measurements that renders the use of the difference method suitable for SNR/CNR calculations.
Significant SNR differences across embedding media were observed for MPRAGE (P = 0.02), GRE-TE1 (P = 0.008), and GRE-TE2 data (P = 0.04). Generally, the highest SNRs were measured for GRE-TE1 images (Table 2 ; Supporting Information Figure S4 ). Overall the highest SNR Z scores were obtained for agarose and PBS embedding and the lowest for D 2 O (Figure 3) .
CNRs between cortex and WM, and between LN and WM were generally higher for GRE than MPRAGE (Table  2 ; Supporting Information Figure S4 ). Cortex/WM CNRs on MPRAGE images did not greatly differ for any particular embedding media. However, significant differences were identified for GRE-TE1 (P = 0.04) and GRE-TE2 data (P = 0.002). For GRE data, cortex/WM CNR Z scores were consistently higher when using PBS and agarose embedding, whereas systematically lower Z score values were observed for formalin and D 2 O-a pattern most pronounced in late-echo GRE images (Figure 4) . Regarding LN/WM CNRs, no significant differences were observed for MPRAGE or GRE data. however, intersubject variability of median R 2 * values was greater in the basal ganglia than in WM or cortex ( Figure  6A ; Table 3 ; Supporting Information Table S1 ). There were no significant deep grey matter CNR differences in R 2 * parametric maps across embedding media (P = 0.94) whereas significant differences were found for QSM (P = 0.002); specifically, the lowest deep grey matter CNRs in QSM were observed for D 2 O and formalin embedding, and the highest for agarose and galden embedding (Supporting Information Figure S5 ). Quantitatively, we identified significant R 2 * differences across embedding media for all ROIs investigated, i.e., GP (P = 0.002), putamen (P = 0.002), CN (P = 0.003), WM (P = 0.003), and cortex (P = 0.004). On post-hoc investigation, R 2 * Z scores were found to be systematically higher for formalin embedding compared to all other media. In addition, PBS Z scores were also higher than those for agarose, D 2 O, and Galden embedding, except in the cortex ( Figure 6B ). No significant differences in bulk susceptibility were observed across embedding media ( Figure 6C ; Table 3 ). Mean QSM Z scores for formalin, in contrast to those for R 2 * ,
were not systematically different to mean Z scores for other embedding media. However, we noted regional variance and intersubject variability were overall greater for QSM than for R 2 * (Supporting Information Table S2 ) and found, in addition, QSM Z score dispersions for formalin and agarose that were consistently larger than those for PBS, Galden, and D 2 O ( Figure 6D) . A final observation from Z statistics of both R 2 * and QSM is that PBS embedding rarely yielded extreme values ( Figure  6B and D) . Temperature monitoring confirmed stable thermal conditions during these quantitative measurements. The minimum and maximum temperatures recorded across all experiments were 24.8°C and 28.2°C, respectively.
| Media characterization
Formalin solution (phosphate-buffered) returned the highest R 2
* relaxivity values of all media types, although notably, this
was not mirrored by a relative increase in absolute susceptibility. PBS and agarose-both also containing phosphate ions-were found to be more diamagnetic than ultrapure water, with agarose yielding the most negative susceptibilities. R 2 * estimates for PBS were similar to those for ultrapure water, whereas agarose exhibited relatively strong R 2 * relaxivity (compared to PBS and ultrapure water) conceivably because of its strong diamagnetism (Figure 7 ). Galden and D 2 O have a proton-free composition, hence precluding reliable R 2 * and QSM calculations for these media. The nonlocal nature of MR-phase-based field offsets (from which QSM is derived), however, may provide indirect qualitative information about the extent of local dipole fields around the vials (please note these are cylindrical vials largely aligned with the main field, hence only highly diamagnetic or paramagnetic substances would be expected to yield a detectable frequency shift around the vial). On visual inspection, we found local field offsets surrounding Galden and D 2 O vials that were relatively weak compared to field behaviors around PBS and agarose tubes, suggesting Galden and D 2 O are neither strongly diamagnetic nor strongly paramagnetic ( Figure  7 ). Quantitative QSM/R 2 * estimates for all samples are summarized in Supporting Information Table S3 .
| DISCUSSION
The primary aim of this study was to compare the effects of embedding media on high-resolution structural imaging and quantitative R 2 * and/or QSM MRI measurements from formalin-fixed brain slices commonly stored in brain banks. These specimens are frequently subject to post-mortem MRI
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Fluid-only data T 2 * -weighted GRE image (upper row), quantitative R 2 * (upper middle row), local phase map (bottom middle row), and quantitative susceptibility maps (bottom row) for 7 vials, 5 containing the different embedding media and 2 ultra-pure water references. We found Galden and D 2 O returned no MR signal, therefore, R 2 * and susceptibility could not be quantified. Formalin had the highest R 2 * relaxivity of all media from which we could obtain a reliable estimate. Bulk susceptibility for formalin was higher than that for PBS and agarose but comparable to that for the water reference. Agarose returned slightly more diamagnetic susceptibility (mirrored by higher R 2 * relaxivity) than PBS examination using the above mentioned techniques (e.g., for detection of cortical lesions in multiple sclerosis, 49 microinfarcts, 5 or microbleeds 32, 50 ). Herein, we found direct evidence that the choice of embedding medium can affect image quality, contrast, and quantitative readouts from gradientecho-based MR microscopy (for summary, see Supporting Information Table S4 ). Notably, formalin embedding increased tissue R 2 * leading to SNR starvation for long echotime acquisitions. D 2 O embedding also yielded images with low SNR and visually tractable contrast differences between cortex and WM for all scan types. Overall SNR and cortex/ WM contrast in GRE images were greatest for PBS and agarose embedding, whereas the LN/WM contrast appeared to be largely independent of embedding media. No statistical effect of embedding media was identified on bulk susceptibility measurements, although QSM variance was notably higher than that for R 2 * particularly for formalin and agarose.
Qualitatively, short TE, low FA (i.e., proton density weighted) GRE imaging yielded more homogeneous contrast properties for PBS, agarose, and Galden embedding than for D 2 O and (to a lesser extent) formalin (see Figures 2 and 3) . Similar image quality from these 3 substances was an expected result on the basis that Galden and agarose are largely nonpenetrating agents, (i.e., technically therefore samples were soaked in PBS). In fact, image quality was generally satisfactory for all PBS-washed formalin-fixed speciments embedded in non-penetrating media. In contrast, idiosynchratic behavior was observed for D 2 O embedding (i.e., reduced SNR), particularly in the cortex, and reversed cortex/WM contrast possibly driven by poor D 2 O penetration in WM, which also led to marked subcortical hypointensity banding most apparent at sulcal walls (see Figures 2 and 3 ). This pattern might have been related to uneven diffusional alterations during the fixation process. It was previously shown that brain tissue fixation renders cortical diffusion coefficients to be much higher than those in WM, 19 supporting a hypothesis of preferential D 2 O/PBS exchange in the cortex. It is also conceivable that the dark banding observed for D 2 O embedding at the cortical-WM interface might reflect deep cortical layers or subcortical U-fibers with much lower fractional anisotropies than those in adjacent tissue. 33 Overall, sample penetration with D 2 O was incomplete and inhomogenous, suggesting that much longer soaking times are required to achieve a more stable imaging behavior with D 2 O embedding.
In agreement with qualitative observations, PBS and agarose embedding returned the greatest cortex-WM GRE contrast differences, whereas the lowest CNRs were measured with formalin and D 2 O embedding (see Figure 4) . In contrast, we did not observe significant lenticular nucleus-WM CNR differences. The present results also suggest that the superficial cortex, which is in direct contact with the embedding medium, is therefore more vulnerable to differential mediumrelated effects.
The assessment of SNR and CNR characteristics across different embedding media was a major focus in the present study. We must note there are other methods that could have further increased image SNR (e.g., adding gadolinium to the embedding medium and/or increasing sample temperature). 19 The latter approach, for example, has been shown to increase diffusivity along with a disproportionate T 2 increase, 16 hence boosting image SNR. These techniques, however, are beyond the scope of this study and would require a separate calibration. Turning to R 2 * and QSM, the present study investigated parametric maps that were overall in agreement with known patterns of tissue iron concentration in the human brain 52 (i.e., ROIs were assorted from the highest to lowest R 2 * and QSM as follows: GP, putamen, CN, WM, and cortex). In addition, higher intersubject variability of R 2 * and/or QSM measurements were observed for basal ganglia compared to WM and cortex, presumably because of heterogenous age-related iron deposition. 52 Despite the effects of embedding media on the SNR and CNR of GRE images, the overall quality and CNR of deep grey matter nuclei in R 2 * parametric maps were similar irrespective of embedding medium used. The most striking finding was a systematic R 2 * increase (across all ROIs) when using formalin embedding. This effect was not apparent on QSM (see Figure 5) , although a potentially short-T 2 * (i.e., low SNR)-related increase in QSM variance was observed. Consequently, CNR of the deep grey matter in QSM images was mildly but significantly decreased for formalin and D 2 O embedding (see Supporting Information Figure S5 ). It has previously been shown that adding 4% formaldehyde to PBS markedly shortens T 2 relaxation, 53 and washing out bulk fixative from thin rat cortical slices (fixed for ~10 days) restores T 2 relaxation times to typical in vivo values. 14 It has also been suggested that different brands of formalin solution might exhibit differential magnetostatic properties. 54 Conceivably, therefore, the strong paramagnetic moments observed in some-but not all-formalin preparations might not originate from formaldehyde but from other chemical substances present in the mixture. Our results were consistent with previous findings in that we also observed a steep reduction in R 2 * after washing out formalin with PBS which was, however, not accompanied by a corresponding QSM offset, but by a decrease in QSM variability. These results are partially consistent with another study that found no effect of formalin fixation on bulk tissue susceptibility. 55 These observations, supported by results from our vial experiment ( Figure 7 ; Supporting Information Table S3 ), suggest that the short-T 2 * behavior of the formalin solution used in the present study might not have been driven by its magnetostatic properties alone. An alternative explanation, supported by a previous microwave spectroscopy study, 56 is that the formaldehyde molecule has counteracting paramagnetic and diamagnetic components at the microscopic level, although this is only a hypothesis at
present time. Of note, the formaldehyde solution used in our experiment was phosphate-buffered, i.e., it contained phosphate ions such as those in PBS (that in turn returned a strong diamagnetic effect). It might be conceivable that the field induced by phosphate ions might have attenuated and/or reversed a potential paramagnetic moment from formaldehyde. Therefore, whether formalin R 2 * increase is driven by T 2 , susceptibility effects, or a combination of both remains unclear and warrants further investigation. A step-wise R 2 * reduction when imaging with agarose, Galden, and D 2 O embedding compared to formalin and PBS ( Figure 6A and B) suggests that bulk formalin may have been incompletely removed (i.e., its washing out could have continued after imaging with PBS-particularly in WM but also other deep structures). In contrast, cortical R 2 * values were more stable and similar in absolute terms to those observed in vivo, 57 suggesting formaldehyde had been completely washed out from cortical regions before PBS scanning. In WM, putamen, and CN, however, R 2 * across all media was 20-30% greater compared to in vivo conditions. This could be because of a number a factors including post-mortem structural tissue changes, lower specimen temperature compared to in vivo conditions, additive chemical reactions in the fixative agent that are independent on bulk formalin, 58 or incomplete clearance resulting from slow exchange of soaking fluid in regions of low diffusivity. A study by Birkl et al. 16 indicated no significant differences in R 2 * between in vivo and "fresh" unfixed brain specimens whereas R 2 * increased by ~30% in cortex, WM, basal ganglia, and thalamus after formalin fixation; it further increased when temperature was lower than in vivo. Based on these results, we think it is unlikely that the R 2 * difference observed between unfixed and fixed tissue could be because of post-mortem structural tissue changes. Of note, we deliberately chose post-mortem intervals in the range of 10-80 h as these intervals are not uncommon for samples stored in biobanks. 59, 60 To ensure usage of fit tissue, we included only samples from corpses that were kept in a cooling box before sectioning and showing no signs of tissue damage or lysis on a thorough examination performed by experienced neuropathologists. Of all embedding media investigated in the present study, only D 2 O had an expected osmolarity gradient from tissue to fluid, which may have caused osmotic influx from the embedding medium to the specimen. By diluting the remaining free fixative, osmotic influx may have further reduced tissue R 2 * .
27
Such an effect could explain the relatively small R 2 * values detected when using D 2 O in cortex and CN (i.e., in areas directly adjacent to the embedding substance). It is known from the literature 16 that T 2 * relaxation time measurements in structures with paramagnetic behavior are affected by temperature. A temperatue increase of ∆T = 1°C increases the T 2 * relaxation time by 0.2 ms at 3T. Taking this into account, the peak temperature variation of ∆T = 3°C observed in our experiments would shift the T 2 * relaxation time by a maximum of 0.6 ms, which is unlikely to bias our results. In summary, the present results confirmed T 2 * shortening because of residual formaldehyde that leads to SNR and CNR loss in GRE imaging. These results discourage the use of formalin as embedding medium for high-resolution anatomical imaging and highlight the paramount importance of appropriately washing out the fixative agent before MRI scanning. It must be emphasized that full penetration of embedding fluid into a large formalin-fixed specimen containing tissues with different diffusion properties is a lenghty and dynamic process. A previous imaging study using fixed macaque brain tissue and PBS with gadolinium, for example, confirmed rapid equilibrium across the cortex but much slower penetration (incomplete after 3 weeks) in deeper brain regions. 19 Regarding QSM, the present study identified greater intraregional and intersubject variability than for R 2 * , particularly when using formalin and agarose embedding, but no systematic offsets were observed other than a slight trend toward low susceptibility values for agarose ( Figure 6C and D) . Fluid-only measurements revealed that our PBS-based agarose solution is more diamagnetic than pure water, which could explain the markedly high R 2 * and slightly negative QSM bias (accompanied by relatively large QSM dispersion) on post mortem measurements when using agarose embedding. Several study limitations are worth discussing. First, experiments on specimens outside the influence of a fixative agent were deliberately limited to 7 days. Such time constraint may have led to incomplete tissue penetration, 19 particularly for D 2 O-an aspect of crucial importance when studying larger samples. 33 It is worth emphasising that quantitative estimates from post mortem MRI might be affected by many experimental factors including post-mortem interval, fixation method, fixation times, sample size, and temperature. In our study, we were interested in substantial effects of embedding media. For this reason, we did not use strictly uniform post-mortem intervals, fixation times, and source of samples. Because of this approach, and owing to the relatively low lumber of examined samples, it is possible that our study might not have enough power to detect other minor effects of embedding media. It is also recognized that RF inhomogeneities on the MPRAGE images acquired using D 2 O immersion might have an effect on our results because of the low conductivity/high permittivity of the medium. Therefore, a note of caution for future investigations is the present results should not be directly extrapolated to every scanning condition (e.g., whole human brains or hemispheres or brain slices that were stored in formalin for many years) as this might result in severe inconsistencies with the results from this study. In addition, it is worth noting that because of time constraints, our study had to focus on a limited number of MRI parameters. Future work is warranted to extend this work to R 1 relaxometry, diffusion, and magnetization transfer measurements, which may also vary with different types of embedding.
| CONCLUSIONS
We showed that the choice of embedding medium affects image contrast and quantitative GRE-based 7.0T MRI measurements of post mortem brain tissue. PBS, agarose, and Galden have no major disadvantages and can be postulated as appropriate multi-purpose media, although we saw slight indications that PBS-based GRE microscopy might be the most stable overall. Formalin embedding, although convenient for fixed-tissue imaging, was found to significantly shorten T 2 * relaxation times, hence limiting its use in this context, and is not recommended for direct comparison with in vivo values. A potential application for formalin embedding, however, might be its use (e.g., in group studies using large specimens) where preventing biases because of incomplete washing out of bulk formalin is of utmost importance. Finally, it is worth pointing out that despite the promise of D 2 O as an alternative proton-free medium, we did not find this to represent a suitable embedding medium for the present experimental conditions. Whether D 2 O embedding might have any advantage over longer washout periods or using smaller tissue samples remains to be determined.
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